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SUMMARY 


é& Simple reasonably accurate method for quantitative study 
of spore 2. sae aa in Clostridiua botulinun and ether ana- 
erobes is described, The obstacle of dornency } has been elimi- 
neted, maximum counts re in three days, Illustraticns 


are given cf the applicstien of the methced, 


*This report is one of four, to vue numbered 4(1), 4(II), 4(III), — 
and 4(IV). Phe four reports will comprise the annual report on this 
projecte . a egia . bt . 
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Physiclogical studies on spore germination, with 
Special reference to Clestridiun betulinun* 


I, Development cf e quantitative Mothed 
E, Staten Wynne and Jackson W. Fester 
Dept. cf Bactericlogy, University of Texas, 
austin, 

By far the majerity of studies hitherte made on germinaticn of bacterial 
speres eiysLoyed the appearance cf visible turbidity as the criterion of gerni- 
nation, Ubvicusly this technique can reveal nc quantitative characteristics of 
the gerninaticn precess and is thorefcre of value enly in establishing that some 
germinaticn dees cr does not teke place, Even here its value may be questicned, 
Since it has becn clearly demcnstreted that germinaticn cf speres cf varicus 
organisms nay cccur without significant subsequent vegetative proliferation, 

(Itano and Neill, 1919; Knight ond Fildes, 1930; Knaysi, 1945; Knaysi and Baker, 
1947). Furthermore, various envirentiental ecnciticns inpesed upon germinating 
speres nay have ne influence on the germination tine but yet may alter appreci- 
ably the rete cf . stbsequent vegetative development (Evens and Curren, 1943). 
Our cwn experiments confirm this finding. 

Direct micresecpic ccunts have been used for quantitctive studies cf the 

germiraticn ef aercbic sp-res, (Eckeolmann, 1918; Curran, 1931) but such a pro- 


cedure is unduly weariseme and nct readily adapted to use with anerobes, <lso, 


*This preject has been undertaken in cocperaticn with the Comittee on 
Foed Research of the Quartermester Feed and Container Institute for the .rmed 
Ferees, The opinicns cr conclusicns ccntained in this report are these cf the 
authcers, They are net to be ccnstrued eas necessarily reflecting the views or 

endorsenent of the War Department, 
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with certain species, for example Bacillus anthracis, it may be very difficult to 
establish microscopically a criterion of germination, as noted by Fischoeder 
(1909), Swann (1927), and Cook (1932). | 
The outstanding physiological difference between spores and vegetative cells 
of any one organism, nemely, heat lability of the latter at a temperature innocu- 
ous to the former, has long been employed in quantitative approaches to spore 
germination, since it is assumed traditionally that when a spore cell is so 
changed that it becomes heat labile, germination has taken place (Weil, 1901; 
Fischceder, 1909; Evans and Curran, 1943), .though Curran and Evens (1937, 
1945b) have indicated that the heat~labile state may actually precede rupture of 
the spore wall and that some morphological changes characteristic of germination 
may occur prior to the loss of thermal resistence of the spere, heat differen- 
tiation of the gernim ted vs, the ungerminated spore appears to be the most prac- 
ticable approach, The fact thst a definite reproducible standard endpoint may be 
selected, viz., survival at a definite temperature for a definite period of 
time, even though somewhat arbitrary, outweighs the overlapping between the phy- 
siological and nerphological characters which render the germination precess an 
indistinct one, 
Consideration of other pessible criteria of germination heave repeatedly 

brought us to the conclusixn thet changes in heat lability is best from every 
point of view, and it forms the basis cf this work, The technique has been de- 


signed especially for Closiridiun botulinum, an inporteant organism in food pois*ne 


ing, on which apparently no quantitative gernin tion studies of any sort have 
heen nade, The methed has been applied, with appropriate mcdification, to cther 


anaerobic species, 


Experinental 


Sone of the preliminary work was carried cut with ¢, botulinum Strain 115 B; 
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Strain 62 . was utilized in ucst cf the werk, ‘Both strains were cbtained from 
the National Canner's issociation and were repurified by isolation of colonies 
from serial shake tubes, Toxin formation was demonstrated for Strain 62 i by the 
fact that 1,0 nl, of a Seitz filtrate of a 10-day breth culture was lethal for a 
guinea pig in less than 21 hours, while a contrel animal receiving 1 ml, ¢f the 
filtrete inactivated at 80 degrees C, for 15 minutes survived the cheumesbien 
period cf three weeks, | 

Spere suspensicns were prepared from 15 day cultures in Difco brain heart 
infusion breth with BBL thioglycollate supplement added, After four washings 
the cells were heated to 75 degrees C, for 30 minutes tc destroy vegetative forns 
and then diluted in sterile distilled water containing glass beads, The fingl 
suspensions were then shaken one h-ur on a rotary shaking machine tc break up 
clumps and stored in the refrigerator, The atthacus of the homogenaticn proce- 
dure was shown by repeated comparisons of prone by plating procedures and direct 
nicroscopic counts using the Petroff-Hauser chamber, The former averaged abcut 
50% of the latter, which may be ecnsidered fairly good correlation, ' 

Other anacrebes used were C. chauvei, C. histolyticun, ¢. perfringens, and 
the well-knewn food spcilage crganism designated as putrefactive anaer®bo no, 


3679. 


The dormency problem. 


The phenconenon of dormancy or delayed germination has presented a fornidable 
experimental difficulty which dcubtless has been largely respensible for the lack 
of any really quantitative studies ons pore germinaticn in C, betulinum, Thus 
varicus authors repert germinaticn cecurring only after incubaticn periods 
ranging from 53 days to 51/2 years! (Burko, 1919, 1923; Starin, 1924; Weiss, 
1921; Sommer, 19303; Dozier, 1924; Dickson, et. al, 1922, 1925; Esty and Meyer, 
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1922; Dicksen, 1928),. Dormancy is not restricted to ¢.. botulinum speres, It 
has been established fcr spores of other clostridia (McCoy and Hastings, 1928), 
for spores of aercbic species (Burke et. al., 19253; Magoon, 1926; Morrison and 


Rettger, 1930a and 1930b), and even for cells of Bact. coli (Burke, et. al., 


1925). Vegetative cells of CG. botulinun have been observed to exhibit a degree 
of dormancy roughly comparable to that shown ™ the spores (Starin, 1924). 

The prime requisite for systematic quantitative germination studies on "bot" 
spores is the complete eliminaticn of the dormancy which has handicapped vir- 
tually all previous studies with this organism in this connection,. Acting on 
the belief that cultural environment probably conditions dermancy, we felt that 
the germination medium offered the best prospects for our cbjective,. This had 
been shown to be the case for aercbic spore formers in which dermancy could be 
eliminated by supplying the correct medium (Morrison and Rettger, 1930a and 
1930b; Curran and Evans, 1937). In recent years imprevements have been mate in 
media which now give much higher ccunts than was possible with media fcrmerly 
used end which indicates a high degree of success in eliminating the extrenely 
long incubaticn pericd during which the spore count as measured by cclony devel- 
opment would continue to increase, 

Pork infusion!: thicglycollate ucdium has been fcund tc give ecnsiderably 
higher ccunts cn a given spore suspensicn than cther media ordinarily used for 
“—“T,” The following procedure for preparation cf this mediun was kindly furnis) 
by Dr. J, Yesair cf Naticnal Canner's Associaticns 

One peund ef finely chepped lean pork is added to a liter of distilled water 
and boiled one heur,. after remeval of the meat and fat, the filtrate is adjustec 
to pH 7.4 and tc each liter is added 5 gns. of peptcne, 1,6 gs, .tryptene, 1. .gn, 
dextrose, 1.25 gens, KHPU » and 15 gems.. cf agar, 

It is our practice to -mit the dextrose and add 5 gms, BBL thicglyc:llate 
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Such studies, but no incadatd-n 4s available that maximum counts are obtained in 
short encugh time to be a useful tool for routine studé s (Brewer, 19403 Willians 
and Reed, 1942), ven this uediun ould be enhanced rerarkably (30 fold) in the 
total count of heated spcres cbtainable after 21 days by the addition of 0,1 
percent soluble starch directly to the germination medium (Ulsen and Scctt, 
1946). 

Our work confirms both the superiority of pork infusicn as a germinaticn 
medium and the striking accentuaticn cf starch cn the germination process, and 
consequently on the spore ccunts, We have further demcnstrated that starch acts 
prinarily to adsorb and thus ronder inactive small amounts of substances present 
in all media which repress spcre germination, This study is the subject of a 
separate paper, Finally, the spore ccunting procedure ultinetoly evolved seen- 
ingly has eliminated dermancy ss a practical cbstacle in quantitative germina- 
tive studies on "bet" spores and furtherncre for the first tine enables maxinun 
counts tc be “bteined in an incubation pericd no longer than that required fer 
sizable eclony develepnent of any aneercbe, namely 3 days. 

Comparison of several media popularly euployed for ecunting ¢. botulinum spcres, 

One spere suspensicn heated tc 75 degrees C, for 30 ninutes tc destroy ) 


vegetative cells was serially diluted in taiplicate in the varicus ager media 
in flat Prickett ccunting tubes and incubated at 37 degrees C, .m effective 
anaerobic seal was obtained by covering the solidified agar with 3 tc 4 nl, of 
2 percent agar conteining BBL thioglycollate supplement, Prickett tubes are 
essentially flattened test tubes and, though not wonnndday used, have the de~ 


cided advantage cf permitting coleny ccunts to be nade in a thin layer of agar 


ls (cont'd,) supplement and 1 gn. scluble starch per liter, We alsc adjust 
the final mediun tc pH 7.4. The troublesone precipitate resulting on beiling 
the final nedium may be rerrved by filtration under negative pressure cr dis- 


carded after decanting the supernatant, 
M605 #4(T) -6- s Ccntinued 


instead of the entire dieneter of a test tube, If maximu: spcre counts obtained 
in the pork-thiclycollate-starch medium are represented as 100, pork medium 
without starch gave 75, Difco brain-heart infusion 55-60, brain-heart plus 25% 
peptone (cf, Bristcl 1925) 55, BRL anserobic agar in Brewer anaerobic dishes as 
employed by Curran and Evens (1946) 28, Difco liver-veal 20 and Wilson and Blair's 
(1925) agar 5. Not only were ccunts consistently maximum in perk medium with thi- 
glycollate-starch supplement but they ccecurred much earlier, reaching the re 
in 4 days! incubation as ccmpared tc abcut 3 weeks for brain-heart infusion 
agar, «actually counts eculcd be made on the secend day but the colonies at this 
point are really tco small to ecunt easily cr accuretely. Threec-day-cld colonies 
provide nc diffieulties, If dcrmancy exists at all in the pork-starch medium 
it is believed to be a negligible intcrference in quantitctive studies, Counts, 
‘i.e,., colonies crigineting from gersinating spcres with C. botulinum have never 
been observed t* increase appreciably on prolonged incubation up to 2-3 weeks 
whereas with cther nedia the results are meaningless before that tine, Counts 
of spere s¥spensicns have regularly been arcund 50+ percent cf direct micro- 
scopic counts (Petroff-Heuser chamber), a net too unsatisfactory correlation 
considering the tendency of the spores te clump in various degrees, and the 
fact that viability deubtless is nct 100 percent, .. special experinent to ce- 
tect dormant spcres (i,e., ungerminated viable spcres) in this medium after 3 
days! ineubation feilecd te reveal any that zermineted up to time of present 
writing, * period of 4 1/2 months, . Typical Ucrmancy under these conditions 
nanifests itself as gradually inercasing ccunts cver the entire incubaticn pericd, 
Detailed preceaure for studying gcrminaticn of C. botulinum spores. 

The following precedures typify cur apprcach te the quantitative study of 
the gersination recess and cf factors influencing it, One ml, portions of the 
apprepriately diluted spore suspension were transferred tc tubes ecntaining 
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9 ul. cf Difeo brain heart infusion breth ecntaining BBL thicglycollate supple- 
ment, This particuler germination medium was chcsen because the relatively 
moderate rate cf gormination cccurring in it allows the study of factors both 
stimulatory and inhibitery to germination, ‘The tubes were then heated to 75 

| degrees for 20 minutes tc expel disselved oxygen and tc effect any pessible "heat 
activaticn" cof the speres (cf, divans and Curran, 1943; Curran and Evans, 1945a). 
after appropriate intervals cf incubaticn at 37 degrees C, in air cr cther at- | 
nosphere, replicate (usually triplicate) tubes wore re-heated tc 75 degrees C, 
for 20 minutes to destroy sny vegotative cells which had developed as a result 
of germinati~n, ‘Residual spore ccunts were made as above in perk-thioglyccllate-+ 
starch agar, available data indicate that germination is scmewhat faster at 

30 degrees than at 37 degrees; but for ccnvenience 37 degrees was used in all 


these germinaticn studies, 


Expressicn cf results, 


Mest workers have utilized absclute numbers cf residual spcres as a basis 
for interpreting the effect cf a particular treatment on the germinaticn 
“precess, We feel that pcreentage gerninaticn is tc be preferred as a icre ree 
liable basis for interpretation cf results, because cf the large populations 
employed, and especially is this true when germination is largely ecmplete, 
For example, on the eccmparative basis of residual relatively small spcre sciatit, 
Evans and Curran (1943) ecneluded that a considerable acceleration of germina- 
tion of aercbic spores had resulted frem pre-heating the speres in gluccse 
broth, If, hewever, the residual speres are ccnsidered as a fraction of a 
large population and calculated as percentage cf that populaticn, the stinula- 
tery effect for 4 cut of the 7 pesitive cases wuld be less than 6 percent and 
in one instance less than 0.1 percent,, Certainly the magnitude of the effect 
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is much different when expressed percentegeo-wise, the cniy valid way, in our 
estination, « simele numerical example of this peint seems worthwhile, Suppose 
a germinaticn test is run under 2 treatments on a spcre sucpensicn containing 
9,000 speres por ml, and residual spere count shove 100 and 200 per nil, res- 
pectively, While the 100 percent difference between the residual spore counts 
seems striking, the values for germinated spcres are the design cf the experi- 
ment and the mcre important data, These would be 4,900 and 4,800 rcspestively, 
or 98 and 96 percent germination, an insignificant difference in werk cf this 


nature, 


application tc germination under stiuulatory and under inhibitory treatments. 


Theugh germination curves may be employed fcr determining the effect of a 
given factor threugh-ut the tine course of germination, the effect taken at any 
one significant incubatinn tine is usually sufficient, 

If a stimulatory a is boing studied, the tine selected shculd be such 


that germinaticn is relatively small in the control in crder tc allow the treat- 


nent tc nanifest itself to the maxinum, .n example is the effect of 0.1% 


soluble starch in the germination mediun (brain heart breth) shewn in Table I, 
The spere ccunting medium was the usual pork-thicglycollate-starch agar, 

On the ther hand, an inhibitory effect is best demcnstrated at an incu- 
baticn tine when germination is nearly maximum in the ecntrels, Table 2 demon- 
strates thet germination in brain hcert breth is ecnsiderebly retarded by momen- 
tary contact with air during roncval cf sanple tubes for ecunting from a desic- 
cator nade anaercbic with an incrt gas phase (natural gas, CHy), even though 
re-exhausticn with a Hyvac pwap and replacement with inert gas is done withrut 
delay, In the uncpened desiceatcr 87 percent cf the spores germinated whereas 
in the desiceatcr opened briefly ot 20 and 24 h-urs cniy 29 percent germination 
M605 #4(1) Dw Continued 


was obtained -- a striking inhibition, 


The degree of accuracy cbtainable with the above method depends, of course, 
eon the number cf replicates used for detcrmining the "average" counts, For zero 
controls triplicate tubes were generally used, with triplicate iilution plated 
for cach tube, cr a tctal cf nine counts, For cther averages, triplicate tubes 
with duplicate or triplicate platings of diluticns were usually employed, The 
Overall reproducibility and accuracy cf counts on a ¢. botulinun sprre suspen} 
sion stored in the refrigerator is illustrated in Table 3. 

agreement between replicate counting tubes seems tc depend on several face 
tors, including scrupulous chemical cleanliness of glassware, the presence cf 
soluble starch in the counting medium: and the atmesphere in which germinaticn 


takes place, 


Factors conducive to variability. 


Considerable evidence has becn accumulated thet germination of "bot" spores 
is extremely susceptible tc minute amcunts of substanees in tho generel category 
of impurities, ds mentioned earlicr these occur in all organic media and pos- 
sibly in tap water, ut any rate, a high -rder of variaticn was experienced be- 
tween replicate tube counts of a given dilution cf the suspensicn until a rigor- 
eus cleaning precedure was adcpted, «a marked reduction in count veriaticn fol- 
lowed when the cleaning was dene with "Dreft", fcllowsd by thoreugh rinsing. with 
distilled water. Hcwever, the best means cf minimizing this tube tc tube vari- 
aticn proved tc be the additicnal feature cf incorpereticn of the starch, The 
adsorpticn effect menticned abcve explains this levelling acticn cf the starch, 

Finally, even though the cultivatiecn cf the germination tubes in an atmcs- 
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phere of crdinary air gives gerd grewth, use cf an inert atmosphere cf natural 
gas further reduced appreciably the ecunt variaticn in replicate tubes, 
The above preecdures wrk equally well with the fcur other anaerobic spcre- 


formers tested, 
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Table 1 


EFFECT UF STARCH ON GERMINATION 


Incubation, ‘Av, Count. Germinated r 
Starch hours Residuel Spores Sporcs _______ Germination __ 
- 0 575 - * 
“ 24, 400 175 30 
0.1% 24 60 515 90 
Table 2 


BFFKCT UF MUMENTARY CONYACT WITH «IR UN GERMINATIUN IN NATURAL GAS 


Incubeticon av, Count Germinated Percent 
hot rs Residual spores _speres £ermmination _ 
Desiccator () 560 atin Pom 
unopened 23 7h 485 ee | 
Desiccator opened 0 535 —- -- 
twice to remove 28 380 155 29 
Samples at 20 and ; 
24 hours 
Table 3 


REPRODUCIBILITY OF SPURE CUUNTS ON A SINGLE SUSPENSION 


Date of Count Spores per ml. 

Sa 535 
3/15 560 
3/27 : 540 
4/2 575 
4/9 530 
4/20 560 
4f 20 520 
4/ 2k, 600 
Af 27 500 
4/30 535 
5/22 . 540 
6/1 580 


Average 548 


Extreme deviation from mcan: 50. = &% 
548 
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SUMMARY 


The germination process of spores of G, botulinum 62A is logarithmic. 
In air atmosphere the length of the lag period in germination varied 
inversely with the logarithm of the number of spores per cc; in the 


inoculum, These relations are expressed mathematically, 
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* This report is one of four, to be numbered 4(I), 4(II), 4(III), and 
4(IV). The four reports will comprise the annual report on this project. 


Continued 


Dire '8-12i (Revtacd) :  ~RESTRICTED 


Physiological studios on spore germination with eases reference to 
tridium botulinun,* 
II. Quantitative natty caer Of the germination process. 
E. Staten Wynne and Sablon W. Foster 
Dept. of Bacteriology, University of Texas, Austin, 

Though virtually every aspect of the growth and death rates of bacterial 
cultures has been subjected to searching kinetic analysis, the spore germination 
process itself has been largely neglected, Probably this is due particularly to 
the failure to discriminate precisely between the actual germination process and 
the subsequent vegetative development and, especially with anaerobes, to inade- 
quate counting mcthods, The only two reports really bearing on this issuc, both 
dealing with aerobic spore formers, failed to evaluate the process other than to 
conclude that numbers of spores germinating increased with time (Fischoeder, 
1909; Eckelmann, 1918), This paper deals quantitatively with the germination 
process in the anaerobic spore fcrmer Clostridium botulinum strain 62A, 

Experinental 

The germination medium was Difco brain heart infusion broth with BBL thio- 
glycollate supplement, The counting medium, procedures and other details are as 
described in the preceding paper (Wynne and Foster, 1948). 

It was obserwed repeatedly that the logarithm of numbers of residual spores 
in a spore suspension in a germinaticn medium plotted against time gives a 


straight linc, at least until 95 percent or more of the originally present spores 


~~ ¥This project has been undertaken in cooperation with the Committec ~n Food — 
Research of the Quartermaster Food and Container Institit.. fur the ariui rorees, 
‘The cpinions or conclusicns ecntained in this roport arc those cf the authors, 
They are not to be construed as necessarily reflecting the views or endorsenent 
of the War Departnent,. 
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have germinated; 
Data for a typical experiment ate given in Table 1, and they are plotted 
as Curve 4 in Fig; 1 together with Curves B and ©; the Latter two representing 
experiments in whith the getmination was allowed to take place in airj as as On~ 
trasted to the natural gas atidibephelte (CH, ) in the exbettlinent described by Curve 
A and Table 1. The general equation for a first order reaction may be written 
as 
434K = 1/t log rs : (1) 
where K * e constant 
t = time elapsing since beginning of germination (t,) 
I = no, spores per cc, at beginning of germination 
G = germinated spores at time t 
But since I - G = R (residual spores), we may substitute R in the equation above 


giving, 434K = 1/t log I/R (2) 
or K = (log I ~ log R) (3) 
oA34t 


The I values in Table 1 were computed assuming t, = 20 hours, which obviously 
is a minimum value, as under the experimental conditions t, could have been any 
time between 20 and 22 hours, Owing to this experimental inaccuracy the K value 
for the 22 hcur period is off, but is reasonably constant for the other periods, 
indicating that the germination process conforns to a first order reaction, 

Curve A, Fig, 1, shows also that the germination process is Sounettauta, thus cone 
forming to the kinetic picture typical of 11 growth and killing rates of bace 
teria. 

(Curves B and C) 

It is obvious from Fig, 1ljfthat the duration of the lag pericd depends on the 
concentretion of the inoculum and is inversely proporticnal to it, By extrapo- 
lating the logarithmic germination curves B and C in Fig, 1, as well as others, 
values representing the length of the lag pericd were cbtained according tc the 


inoculum density as given in Table 2, The length of the lag period appears to 
| oj- Continued 
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vary as the reciprocal of the logarithm of incculum numbers, and cbeys the follow 
ing relations 


L=_¢ (4) 
log I 
where L = length of lag phase in hours 


I 
C 


no, Of speres per cc, in incculun 
a constant, 


The validity of this expression is berne out by the fact that the values of 
— plotted against L made a straight line (Fig. 2); computed values for C at 
the different levels of incculum agree fairly well, as seen in Table 2, 

These data were obtained frem cultures incubated in crdinary oir, Curicusly, 


these relations did not apply when incubation was done in a desiceator with an 


atmosphere of natural gas, at least under these conditions, 


Discussion 


Neither Fischceder (1909) nor Eckelmann (1918) drew any corclusicns per- 
taining to the kinetics of the germinaticn observed by them, but a plot of their 
data against time shows they actually were concerned with logarithmic germination 
processes, However, data of the former author for germinaticn of Bacillus 


anthracis in goat and dog sera indicate that germinaticn was nct logarithmic un- 


der those conditions, It is obvicus thet any factcr inimical to germination may 
at once rule out the logarithmic relaticn, 

The tentative ecuation suggested abeve for the length of the lag pericd 
obviously should be tested further with more deta, If this ecuation is valid, 
plotting the length of the leg phase against logarithm of inoculum directly 
should give a hyperbola, since (L)(log I) = C, Thcugh such a plot frem the 
values determined abeve is compatible with a hyperbolic curve, the points are tcc 
few to define the curve clearly. 
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In contrast to the paucity of information on the lag period of spore ger- 
mination an abundance of work has been done on vegetative cells, but as spore 
germination does not involve actual cell multiplication we consider the spore 
problem one distinct from vegetative activity, The apparent failure of equation 
(4) to hold in an atmosphere of natural gas (i.e, no oxygen) cannot be explained 
at present, Suspicion might be directed to influence of the U-R potential on 


germination, an effect found to apply to spores of the snaerobe Bacillus tetani 


(Fildes, 1929; Knight and Fildes, 1930). Rapidity of germination depended on 
the time reqnired for the medium, and presumably the interior of the spores, to 
reach a suitable reducing intensity, and spore numbers might influence this ac- | 
tion, Finally, natural gases may contain traces of impurities. which might ac- 


count for this discrepancy, 
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Table 1 


Germination in Natural Gas 


K calcu- 
- Ineubation Average Count Germinated % Log Resi- lated for 
hours Residual Spores Spcres __- Germination dual Spores _t =20 hrs. 
0 560 - - 2.75 
20. 560 0 0 2.75 
22 230 330 59 .”* oe e449 
24 200 360 64 oe, e409 
#28 74 485 &7 ‘1687 0254 
30 39 520 93 eer » 267 
32 28 530 95 1.45 2250 


* Counts for 26 hours are not given due to accidental overheating of the 
tubes in the incubator, 
Table 2 


Relaticn of Duration of Lag to Concentration 
of Incculum in dir 


Inoculum, Spores/ce Lag Period, Hours C, calculated * 
2400 28 95 
2100 28 93 
530 36 98 
340 40 101 


* Equation (4) 
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Sate. of “an “So 96" Uh ae 
INCUBATION TIME IN HUURS 


Curve As Natural gas atmosphere, 
Curves B and C: Air Atmosphere 


FIG, 1, GERMINATION CURVES UF C,. BUTULINUM 62: 


Goode 2-3 Oe 
LENGTH OF L..G PERIUD IN HUURS 
FIG, 2, RELATIUNSHIP OF LENGTH OF LaG PHASE OF 
GERMINATION TO RECIPRUCAL OF LOG OF NO, OF SPORES 
PER CC, IN INOCULUM 
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Spore Farmation and Spére Germination uf Anacérbic Foad Spoilece 
Oreoniams. pe ais Clost ou 


SUMMARY 


Carbon dicxide has been shown to be essential for germination 
of the spores of Clostridium botulinum 62 A in a synthetic medium, 
CU, could not be repleced by a mixture of maiate, fumarate, succin~ 
ate, X-ketogiutarctc, glutarate, aspartate, glutamate and cise 
aconitate, ls yeast extract was found to repiace Uo qualitatively, 
at least; It is concluded thet hitherto unrceognized substances of 
uninown nature are necessary,for bynsssing the Ou, requireneny of 
Spore germination tf this organism, 


In 2 complex medium CU, was on.y stimulatory, and could be re~ 
placed ecmp.etcly by oxalacetaic, as well as partially by a mixture 
Of the stable C, dicarboxylic acids, CU. could not be shown to exert 
any efrect on germination of the spores of 4 other anacrebes or A, 
acrobic species in complex media, but sermination in one of the Lat 
ter was significantly stimulcted by the stable C, dicarboxylic acids, 
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ontinued 
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_ Physiological studies on spore germination, with 
special reference to Clostridium botulimua* 


III. Carbon dioxide and germinaticn, 
Also a note on Clg and aerobic spores 


KE. Staten Wynne and Jackson W. Foster 


From the Department of Bacteriology, University of Texas, Austin 


7 The requirement of CU. for vegetative cell development of bacteria is com- 
;mon knowledge and needs no review here, but scaroely anything is known of the 
relation of CU, to the process of bacterial spore germination as ecnsidered 
| distinct from Subsequent vegetative development, Une might consider the latter 
in the sense of transition from heat stable to heat labile form, (Wynne & Foster, 
(1948a). Relevant is the incidental observation that spores of onc cut of 3 
strains of ¢. botulinum failed to produce colcnies in 72 hours when incubated in 
a vacuum (Morrisen & Retiger, 1930). 


The expericnce is a rather common one that special efforts t> eliminate 
CO, from the culture system, and to minimize the formstion of CO, by the cells 
in the incculum b; supplying 2 low nutrition level medium result“in 2 retardation 
of growth which may extcnd indefinitely. 


uur study of feetcrs dcterm:nant in the germination process itself (as dis- 
tinct from subseque:t vegetative development) cf Clostridium botulinum begun in 
-- two previcus papers (Wynne é Fostcr, 1948e ard b) has included examinaticn of 
the CO. efiect, This stems from the finding thst onacrobiosis secured by alkae 
line p¥rogallol seems to delay germination of "bot" sporcs, Background informa- 
tion and general methcdology are covered in the first of these papers and need 
not be reitereted here, Te secure anaerobic conditions free of CO,, vacuum desic~ 
eators containing thc culture tubes werc evacuated with a Cenceo HyVaec pump and 
refilled with natural (illuminating) ges (CH,) cleansed of OU» by slow passage 
through a gas washing train consisting of 3 Bettles of NavH and one of N/10 
Ba(QH)5. The latter was scecnd last in the chain, functicning as a Qa indica- 
tor. As an added precaution normal NavH was always placed in tho bottom cf the 
desiccator, Where a CU, atmosphere was required, it was added from a cylinder 
or generated in the desiccator by inixing excess acid with the caleuleted amount 
of solid NaHC0,. Unless otherwise specified germinat‘on always took place in 
Difee broeinehc*rt infusion breth with BBL thioglycollate supplement, and always 
the inoculum was abecut 500 spores per ml, of medium, Table 1 eompares the spcre 
germimation in atmesphores ce rtaining 0, 1 end 5 percent OU, respectively, The 
CO. effect is striking, Gcrminaticn is negligible in the abeoties of CO., whereas 
alficst all the spores gormineted in the presence of CO,, the higher CO, tension 
being souewhat better, ‘the difierence between the two Wo trectments actually 
was greater then it eppears; turbidity developed in 15 h-urs in the 5% CO. desic~ 
eator and in 19 hours in le W., No turbidity appeared in the zero Clo eontrol 


7 ~“*¥This preject has becn underteken in coopercticn with the Committee on Foced 
Research of the uartermaster Food and Centciner Institute for the Armed Forces, 
The opinions or conclusicns ccnteined in this report are these of the authors, 
They are not to be construed as neesssarily reflecting the views or cndorscment 
of the Wer Department, 


M=695 #4 (IIT) : Aas ie Continued 


at 22 hours, the terminetic.. of the experiment, 


However, a CU, effect cculd net be cbtained for four other species cf anae 
erobic spore fcruers tested similarly: Clostridium chotvoi, ¢. histclyticun, 
C, perfringens, and the woll know food speilage crgenism designated as putre- 
factive No, 3679, This was true even at pH 6,0, chosen te reduce the solubility 
Of CU5 in the medium and being the lowest pH supporting germim tion of these 
anaercbes, Thus under identical ccnditions germination of C. botulinum spores 
is inhibited by lack of CU,, and germincticn of the other four anaerobes is not, 
A possible int urpretation &f this is given in the discussion below, 


The Cexperimentdescribed above (alse Table 1) demonstrates only a rate 
eifect. under the ecnditions used, for whereas only 7 percent germination occurred 
in the 00, free control at the 22 heur pericd, prolongeticn of incubation always 

eeinnted: fn high germinstion and pronounced turbidity, Fseilure tc demonstrate 

en absclute CO» effect in brain-hcar} medium, even with several painstaking cx 
perients involving modification of pH, cxhaustive pumping, omission of the ccl- 
loidal ager cf tho anacrebic supplcment, ecntinuous gassing with N., etc., ws 
ecnsidered on tw: cunts as beins mest likely ticd up with tho complex natura of 
the brain-husrt medium: (1) the Ou, effect can be accentuated by eliminating 
ecriplex media in fever of synthctic(Gladstene, Fildes and Richardscn, 1935) or 
employing complex media at a minimal nutriticnel ecneentrstion, i.c,, with re- 
spect tc carbchydrate and protein ecntent (Rockwell and Highberger, 1926 and 1927), 
Count (1) may really be ecnsidered te anticipate the issue cf count (2) which 
states that C05 sheuld be dispensable so long as certain organic substances are 
present in whose synthesis CU participates, The presence cf such substances is 
likely in complex media cf biclogicel crigin and in such media therefore the need 
for cu, should be obvicted, While our attack on these ines was under way other 
reports have appea ed which ecnfirm the logic of this sppr‘ach, (Cy dicerboxy- 
lic i Whits and Werknan, 1947; aspartic ecid, Lardy, ot cl, 1947 cnd Lardy, 
1947, | 


A synthetic mediun similar tc that devised by Roessler (1946) for grewth 
of ¢. betulinun was uscd as « sta ting point, but with only 1/10 the regular 

- eoncentration cf amine acidg, (Results were similer, however, with the full ne- 
- @ium, which ecntains 1% aminc acids,) ‘This nedia supperted abundant vegetative 
develcpnent cf our strain of C. botulinum and spere germinaticn was much slower 
than in complex media, seamingly cpening en appreach to factcrs essential for 
germinetirn, including these invclving CO. and net, for gecd anaercbic growth 
4t was expediticus tc add 0.2% gluecsc tc the synthetic media, as germimticn 
is negligible in its abscnee, 


With en incculum cf arcund 500 spercs per ml., clear cut turbidity devel- 
oped in the presenec cf QW, at abcut 72 hours but counts at 87 hours shewed - 
thet cnly about 15% of the sp-res had gormineted, In subsequent wrk a 5-day 
ineubaticn poricd wes cnpleyed for positive CU, controls, for in this time gcr- 
minaticn ecunts were woll cvor 50 percent, In such a inediun it is pessible to 
ajppreach an absolute CU» requircnent for germinaticn, Thus in an experinent 


AO emer | eee eres ee tes 


eee ee ee 


1 This medium hed the f-llowing evmpcsiticns dl-leucine, ,0083M; dl-phcenyl- 
Glanine, ,0132M; l-arginine, ,0065M; dl-valinc, ..0083M; cl-isolcucine, .004M;- 
l-tryptophenc, O.11M; l-tyrosine, .0003M; dl-methi-nine, ,002M; di-threcnine, 
.0067M;. dlescrinc,,OlM; 1l-histidinc, ,0013M; bi-tin, 5 n¥/ec; PABA, .02 B/ce3. 
nicctinamide, 1 ¥/ce3 thianin, 0,2 Y/ecs yeast nucleic acid, ,01%; Na thicgly- 
ecllate 05%; MgSl,, .0002M; linSu,, .O001M: CaCl, ,0001M; FeSU,, .00005M; 
KHPO, 0153 KHgru,, ,015My 
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where the pesitive (1%) 00, ecntrol showed 61% gorminaticn in 5 days, the CO 
free treationt shcwed cnly 11% germination and no turbidity even after 17 days 
(Table 2), Indecd, the figure of 11% mey net be significant at all cwing tc 
the fact that the spore counting method has an overall accuracy of + 9% and 
occasionally with spreads wider than this, (Wynne & F-ster, 1948a), Under 
these ccnditicns clear cut turbidity always follows germineticn within a few 
hours, Thus prebably nce germination at 211 cecurred in the CU, free tube, the 
11% value d-ubtless being an exporinental ecunting errr, 


It scons safe, thercfere, te ce nclude that Ce, is absolutely essential for 
spore germinaticn of Q. botulinum in «. nediun otherwise adequate for that ;ro- 
cess,. This apparently is the first demcnstretion of CUs requirenent specifically 
for the germinaticn process, and apart from subsequent vegetative develop-ent, 


By-passing CO . 


Uxalacetic acid -- Aleng the lines discussed in cewht (2) ab-ve the Cy 
dicarboxylic acids were tested for their ability te permit germincticn in the 
absence -f GU., as the universality of the We-d-Werkran reaeticn via pyruvate 
fixeticn of CU, indicates the likelihecd cf their being invelvcd hore, The pri- 
mary fixeticn froduct, oxalacetic acid (OAA), is generally in biological cqui- 
dibriun with :.alic, fumeric and succinic acids, 211 vital catalysts or intornedi- 
etes in cells, Us in brein-heart media definitely prenotes the gormin.ticn 
rate ¢f bot spercs in the absence of gaseous CU. (See Table 3) and apparently 
bypasses CO., Experiment 4 in Table 3 sh-wa that the UA induced spere ger- 
nination at a rate appreciably fastcr than a 1% Cu, gas tension, and in Experi- 
ment B it was equal ts the OU, in proncting germinétion, In experinent B the 
chances ere that Ulu also wuld have shown up a faster germinaticn had the eounts 
been made at a shorter incub'ticn pericd, , 


The Ou. effect night, te a certain extent, be ascribed te CUg resulting fren 
the spentaneous deecmposition of Usa te CO, and pyruvic ecid (Kranpitz and Werk- 
man, 1941; Krebs, 1942), uv... in scluticn 4 37° hes « very shert helf life and 
its decempesiticn is cotalyzed by sminc greups and by traces of exticnic netals. 
Hewever, Since U..4 gives a geminrticn rate exceeding thet cf Cl, the effect 
sceningly is due te the Vaasa per se, theugh OU, may ecntribute te the rate par- 

_ tially, Germinaticn by U:.. wes nt retarded When the mediun was ecntinucusly 
exhausted with a Hyvac pump. fer 4.5 heurs after Un addition, the ides being t 
renove quickly any CU generated fren Ua. (Exp. B, Tablo 3), as no lessening 
of the Ui. effect by this continucus C0 removal was cbscrved the prebability of 
a direct Oui participaticn scons good, . 


' Maybe « bricf ccntcct with Cu., such as would ~ccur in the above pwiping cx» 
perinent, would suffice for germination, but cther experiments sh wed that ccne- 
tact with a 1% CU, atacsphers fer the initiel 4 h-urs fellowed by romeval (Hyvac) 
and replacemcnt with CU5 free gas had cn insignificant effect on germingtion, 


ner Cy, dicarboxylic acids.-- . rixture “f lenalic, fumaric and succinic acids 
Na salts), each at a ¢ nocntreticn of 3,3 x 10-4 M was shown repeatedly to have 
a definite accelerati-n on germination rate in the absence cf G,, These acids 
were not as effective as CU, (or Uin) in prencting germin-ticn, “The efficacy 
of these acids in promoting’ sp-re germin tion was reughly about 1/3 thet of a 1% 
Cu. gas phase, The inability cf the acids t- substitute fully fcr u.. has been 
encountered provi usly (Shive end R-Bors, 1947, and cthors) and prebably relates 
to nembrane penetreticn ct pH values in physiclegical range, in which these acids 
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are clucst 100 pureent dissceicted, It will be recrlled thet Gus itself does 
net penetrete unaltered cells of Micrococcus lysodetkticus (Krauptiz and Werk- 
mnenn, 1941), enc sevoral cther examples eculd be given, If these acids diffuse 
in the molecular (undisseciated) ferm as the frce acids, it would be expected 
) that diffusirn wuid be greatest at pH 3 te 4 as the acids are alm st entirely 
in molecular fra in this range as ecntrabted to 2 negligible percentage at 
pH 6or abeve, It was nct pessibl. to test this with ¢. betulinum as gcrmina- 
tion is inhibited «et pH valucs below 6, It wii be recalled thet White and 
Werknan (1947) feund thet tho C4 aiearbexylic «cids -r their respirctcry pre- 
cursers bypassed the Cu. recuireients for coliferm bacteria, 

The specificity -f the effect for the C, dicarbexylie acids on bet gernina- 
ticn is cxemplified by the fact that no den“nstrable action wes given by Xekotc- 
glutarate, glutar tc, valerate, butyrate, propicnste, lactate or pyruvete, On 
the other hana e striking stinulaticn in vegetative develcpment was induccd by 
ell of these acids (except pyruvic) at 10°? M, Se marked was this that cultures 
with well acvanced turbidities shewed surprisingly smell gerain-ticn percentages, 
This is a fine cxample of the fallacy cf judging germinaticn rates by the intcn- 
sity of vegetative turbidity, 
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participating in the synthesis cf aspecrtate, This nas indecd been dem nstrated 
for Lactobacillus crabinosis (Lardy ct a1, 1947: ond Lardy, 1947) in which case 
sspartate is apparently the only ecnstituent “f cell moterial in whese synthesis 
CU. particip tes, excepting perheys fer rclatively insignificant amcunts f 
otficr ecuponents, This was proved by isotcpic Cu_, substantially the cntire con- 
tant of the labellcd C in the eclls bcing in the éerbexyl groups cf the ccllular 

‘ aspartate, It is likely tht the other C, dicarboxylic acids are ec nverted tc 
aspartate vic Usa. 


the bot gertineticn test was conducted in keessler's synthetic mediun (1/10 
strength amino acids)which, as ea basel medium, lacked NaHCu3, bi-tin, and aspar- 
tic acid, The fophowing treatmenis were set up in triplicete tubcs of the basal 
nediuns » | ath oe 

(1) G5 free gas phase (zere eontrol) 

(2) 1% CU, gas phase 

(3) 5 my bictinfml in CUy froe gas phase 

(4) 5 uJ bictin/ ml. in Iz Cuy gas phase | 

(5) 107-2 and 107A4Maspartate respectively in CU, freo ges phase 3 

(6) 1077 and 10-4Maspartete respectively plus 8 BX bictin/ol, in OU, 

free gas phase- 

(7) 1073 M and 1074 MQ~kctoglutarate respectively plus 5 nf bictin/nl, 

in CUo froc gs -hase 

(8) 10-3 M aspartate ;lus 1 «nd 10 rid Cleate/nl., r. spectively in Cup free 

. gas phase 


ete becausc ecneelvably it culd generetc C, dicarb:xylic acid precurscrs cf 
aspartrte, after 4 te 5 deys incubeticn, turbidity ecmmenced in cnly trer-tnents 
(2) and (4), nanely these with Cuz in the gas phase, Spore ecunts unde of these 
On the 7th day shcwed 60% gcoruinetiecn, The remaining 6 treatnents showed no tur- 
bidity up tc the 17th day, when they were remeved fer spcre counts, In every 
case spere germination was nil cr negligible and. it may be ecncluded that the 
substances used, ond in the ¢ mbin ticn tested, could net by-pass the requirement 


for Wa, 
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In the next expcrin.nt biotin, aspartrte, oleate were tested oll in one nix- 
ture, in the ccncentrcticn ranges as before, except that 100 m B/ce of clcate 
was alse tried, and again germinetion teok place enly ih these tre-tments with a 
Cu, cnteining gas phase, beth with end with-ut the tcost supplements, whereas 
germination wes insignificant in the abs.nce cf Clg even after prolonged incuba- 
tion (14 days). 


Finally, the following known or suspected bypassing substances and availeble 
participants in the tricarbexylic acid respiratery system were tosted in conbi-~- 
noticn, all at 10-4 in basal synthotic medium, in the presence and in the ab- 
Sence of CU: aspertrte, malate, furcr‘te, succinste, ~ketoglutarate, glutanic 
acid, glutarate, and cis-accnitatc, These were entirely unsuccessful in by~ 
passing Qo, When CU, was present, the gormineticn rate wag uneffeetec in this 
medium, incicating nc texicity caused by the supplements, 

Cnplex Sup lements -- .1sc, the follewing complex crgsnic supplciicnts were 
tested in triplicnte tubes at 0,1 end 1,0% levels in the basal synthetic nediun, 
“gein in the absenee and in the presence cf CU: brain heart infusicn, liver 
extraci® and yeast extrect, all Difec., ‘the Cut free yeast and liver treatnents 
were incub-ted in onc desiceat-r, the CU. free brnin-hecrt in ancther, snd the 
CU, free synthotic medium in anther, Within 40 heurs in the absence cf OUg all 
the yeast tubes develeped ..-rked turbidity and a single 1% liver and a single lp 
brein heart, To avid e:nteninating the other tubes with fernent-ticn Wo, these 
turbid tubes were remeved, pasteurized and held for spcre ccunts, «11 the tubes 
ef synthetic medium in Cb, shewed turbidity at 3 te 4 days and were revevod fer 
ecunting cn the 5th day. “rho CO. free synthetic nediun shewed no turbidity even 
after 15 days, the term:n-ticn *f the oxperinent, end-the remaininz liver and 
brain-herrt tubes in 0U, free atmespherc behaved sinilarly. Kesiducl spore counts 
for this cxpcrinent ere in Table 4, 


It is clear that yeast ontains CUs bypassing factor(s) which are not idone 


‘tical with the supploncnts added to the basal medium, because Ou, was necessary 


for germination in the lcttcr trcatuent, but nct in the yeast, foast ep parent- 
ly is richest in the unknow bypassing facter(s) as the liver and the brain-hcart 
were gruatly less effective in this respect. The repid grewth in the yeast tubes 
in the seme desiccatcr as the negrtive liver tubes shows the effect resides spe- 
eificelly in thoir ce ntents ~f CUy bypassing substences and not s OU, leak or 
other ertifact leading te the unintenticnal presence of CU,, for the ‘smellest 
aunts >-f CU, induce repid germin:ticn in the liver’ (and fra: n-heart ricd4uni) » 
One will notc“that evon-the emcunts cf Cl, generated b; the turbid yeast tubos 
were insufficient t- induce significant gérmin:tion in brain heart mediun, 


aerobic Spore forners, 


Some testing of a survey nature was done with four species of aerobic spare 
formers, Bacillus brevis, 2, megatherium, 8. mesentericus and 5, subtilis, Ger- 
Mination was done in Difeo nutrient broth in shallow layers in 50 cc, lrlenmeyer 
flasks at room temperature. Cvo free treatments were ecnducted in desiccators 
with air as the gas phase, In no case was it possible to retard germination of 
these organisms in a CU, free atmospherc, Evidently this is due to the presence 
in the nutrient broth of organic substances bypassing the CUj, although no at- 
tempt was made to ecnfirm this with synthetic media, Interestingly cnough, 
though CU did not enhance the germination of any of these four aerobes, in onc, 
B. mesentericus, the stable C, Gicarboxylic acids mixture (3,3 x 1074 each) 


~ 2 axbract of 0.1 and 1.0% dried liver At 
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distinctly accelerated the germinction, ‘hus in a typical experiment with an in- 
Oculw: or 3040 spores per ml., 29 percent girminaticn was obtained in the CU 
free treatmen: <fter 25 hours, and 74 percent in the C, treatment, This organism 
So wes inet‘icient in the conversion of Cy to’ C) cicar oexvlic acids, 


he behavior cf vegetative development of each of these acrobes in relation 
to > is in decided eo cant to the spores, for in each cas« Cu, induced a marked 
acceleration, ‘this again emphasizes the distinction betwecn the*germi>.-ticn pro- 
Cess and subsequeit vegetative activity of spcreforming bacteria, 


Mm Disoucssion src ose: re 

>» «+ Thergermmination process and vegctative cells are not affected alike by Wo 
» and the C, dicarbexylic acids, The fact that germinetion in four out of five 

_ anaerobes tested failed te respond to Cu5, whoreas C. betyiinum did, indicates 
Species cr strain d:fferenees, This applies alse te the differences described 
for the four acrebic spore foruers, 


4 clue to the neture cf these eff.cts comes from the fact that in — 
media (i,c,, brain-hcsrt infusica) Cug dene: tise ony slowed down the rete of 
germinaticn gut dia net stop it, whereas in synthetic medium germinaticn could 

. be entirely suppressed indefinitely without Clo, Judging from the evi: ence aveil- 
able, this could mean th-t present in complex Sas a arc substences 5 yet unknewn 
which can bypass Cu Some such substanees are known (vide supra, dicarbexylic 
agids and aspartic Seid) but these e-uld’nct substitute for Cl, in the gcrminaticn 
ef bot spores in a synthetic medium which is otherwise ad quate for geormincticn 
and grewhh, wUecs this mecn, then, that present in ccemplex neturel materials are 
additicnzl new substences capable cf bypassing the Cug recuircment, and in whose 
synthetis CU. partici; ctus when they ere not eupplicd artificislly to the medium? 
Seemingly the positive gurminstion results obtsined in « Cg fre: systen upen adq 
dition of siacil amcunts of ae extract te t< basel synthotic medium, speak in 
this behalf, =fter tis werk was completed the recent repert cf pwff end viened 

(1947) was receivad, These euthors, working with ., coli,gfounc CG, enc Os dicer- 

bexylic acids snd their amine deriv tives t- be effective Gu, bypcssing hgcnts, 
but that they :len. did not suffiec, and they, came t- cxactly the seme conclus. “ns 

ebeve: uanmcly, other essentisnl Guy by: assing egents ar: present in complex 
naturel, inctburicls, 


Une mey casily visualize th-t CU. is invelvod in synthesis of binlozieal 
substances othr then C, and G, acids ”cnd the derived «spertic and glutemie acids, 
end, indeei, at lezst ne othueft system «lrcady is kmewn, viz., cerdonyl tien ne Of 

%kete ziutaric acid te cxalsuceinic «cid (uchea, 1945), others are under sus- 
pacion, and new oncs sot only cre a distinct pes ssbAlity but on the basis of the 
~ above evidenc: must c::ist, 2 


Variati-ns in response t> C, dicerboxlic acids meen thet there are required 
te different degrecs by differcnt crgenisms, Thus, the respcnsc by ¥. botulinum 
in the complex i edium t« added C, acide indicates t:esc were Limiting cr aear 
Limiting in germineticn, cmp i tack cf respense te Cu, b the other Clostri-ia 
indiectes thet wnatever bypassing agents (presume bly inclfiding the t, acids) were 
present were sufticient te bypass Ie entirely, Similar diffcrenees sh¢wed up in 
the aercbes: thoveh removal ~r ¢ did net retard «crmination in my cf the four 
species, C, acide significantly ie, arte gorminstion in 5, mes ntericus and 
were eowetors limiting even in the presence -f Yio. It is-p vssible tht the Cy, 
aeids iay fully bypass Gy in this crpgenism, If Cy acids play a reie in the by- 
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passing cf GU, in the othcr threc eaercbes, the ecncentration present in nutricnt 
broth must beade uate, though other substances moy be involved, 


The main cone.usion ¢cbtainable from all these ~bserv-ticns is th-t crganisns 
differ widcly in the extent t- which medium ecmpenents enable them te bypass their 
Cus requirement s and that seme hitherto unrecegnized Gu. bypassing substances ex- 
ist. A corollary is thet a ompléete diet cf crgenic ecfipounds renders Cus dispen- 


| Sible for germinaticn and initiation of growth, 
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with specie] ref-rence to Clostridium botulinum, I]. ‘uantitative ..spects 
ef the germ yaticn precess, De BOdGy La BESER | 
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Table 1 


EFFECT UF cu, CUNCENTRAT ION 


ON GERMINAT TUN 


ae &  Resi- Gaminated CS 
- bation Tensién dual Spores Germination 
oi. SSG MR ee: “SPpeneae r 5 owe 

0 — 560 oe — 

22 0 520 48 7 

22 1 90 - 470 84 
22 5 18 540 97 

Table 2 


quantitative indefinite inhibition of germination 
of ¢. botulinum spores due to the absence of Cup. 


Gu. in atmos- Incubation Av. count. Germinmated 
here, b_ ___days.___sresidual spores_____spores Germination 
‘ 0 560 oa " 
: “#0 | 17 500 60 a 
| 1 5 220 340 61 4 


* Counts corrected for volume loss of % during prolonged incubation 
over NavH, No turbidity developed in any of the tubes in this series, 
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Table 3 


iffeet of oxalacetate on germination in CUp-free gas phase 
ixperiment A 
Anapeamise, i, Tn stapes * Udghey iv, count Germineted a 
a wlours..____ phere, % Sa ?* as, Mi residual spores. spores. Germination 
0 - ie ae oan - we 
20 cd ~ | 460 eo) 14 
20 pa - ; 340 195 36 
20 0 + Th 460 86 
Experiment B 
bation, moSphere, cetate period, residual Spore: Geymination 
ours _____# added - __ minutes ___spores ae cea 
0 - ae - 520  enee ta 
23 0 0 30 470 50 10 
23 0 107? M a 35 185 93 
23 0 lo"? i 270 65 455 88 
' 23 1 ae ie 500 96 
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NE Table 4 
a Effect of Complex Supplements on Germination 
Incubation % Supplement Avg. Count | Germinated ye 

: mein OES... Bg added Residual Spores . Spores ___ Germination 
a 0 4se 
a 1 ‘ Se wee 435 97 
x extract ae | 
a 1 + 1% Liver 230 220 - 
@ extract ne 
a 1 + 1% Brain 35 415 92 
a heart: 
* - ~ 1% Yeast + 45 405 . 90 
a .. extract 
4 2 ~ 0.1% Yeast 120 330 73 
‘ extract _ | 

2 ~ li» Liver 385 65 14 

. extract® 

2 ~ 1% Brain 7s 50 . 400 89 

heart* 
5 + ‘None 160 | 290: 64. 
15 - None . A25 25 2 
15 - 1, liver 475 0 0 
E extract 3 
15 - 0.1% Liver A75 0 0 
— extract 
ie - 1% Brain | 430 : 20 4 
heart¥ 
x 4) - 0,1% Brain 410 40 9 
/ - heart 


* One cut of three tubes of which + represents remaining two, 
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Spore Formation and agers ineeninnttce: of Annercbic Food. spoilage 
Organisms, Especially Glostesdium Botulinum Ee he is 


‘The effects of concentration of eats salts, pH, “surface 
tension, temperature, visible light, and oxygen on sporulation 
in C. botulinum have been studied. . Over the concentration ranges 
tested, an exponential ‘yelationship appeared to exist between the. 
“molar concentration of the salts used (Nacl, KCl, and at 4 end — 
Gotal spores or. percentage: apores: resulting. . 
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Physiological Studies on Spore Formatieg in Glostridium botulinum* 
K,. Staten Wynne 


Department of Bacteriology, University of Texas, Austin, Texas 


The voluminous liter:ture on the physiology of spore formetion in bacteria has 
been reviewed b several workers, including Dozier (1924), Brunstetter and Ma— 
goon (1932), Cook (1932), and Knaysi (1945). Comparatively little work has been 
done on the sporulation process in Clostridium botulinum, the most extensive pe- 
ing probably that of Leifson (1931), As part of a larger program on spores: of 


a systematic study has been made of factors influential in formation of its spores. 
Methods 
Cultures 


The strains of C, botulinum were with one exception (Texas No, 29) obtained 
from the National Canners! Association, Strain 624 was employed for most of the 
work, The others were numbered 78, 6B, 116B and 213B, Toxicity was demonstrated 
for 624 by the fact that 1.0 ml of a Seitz filtrate of a 10-day broth culture was 
lethal for a guinea pig in less than 21 hours, while a control animal receiving 
1 ml of the filtrate inactivated at 80 C for 15 minutes survived the observation 
period of 3 weeks. 


Medium 


Comparison of spore formation by all six strains above in veal infusion pep- 
tone, liver infusion peptone, liver-liver infusion, BBL fluid thioglycolate and 
Difco brain heart infusion, resulted in the choice of brain heart infusion broth 
with BBL thioglycolate supplement as a basal medium for these studies, Ordinarily 
no anaerobic device was needed, as deep tubes of the medium, preferably boiled 
just prior to inoculation, gave excellent growth from lccp inocula in less than 
24 hours, Sporuletion was not significant for any strain in the synthctic medium 


of Roessler (Wynne and Foster, 1948) with 0.1 percent agar added to improve ana- 


erobiosis, 


Staining and Microscopic Counting 


Comparison of several spore staining methods resulted in the adoption of the 
following precedure, which represen.s a combination of May's (1926) use of a 
chromic acid mordant with Cenklin's (1934) stain: 

1, Treat heat-fixed films with 5 pereent chromic acid for two minutes, 

Wash, . 

2. Cover with 5 percent aqueous malachite green and steam 5 minutes. 

3. Destain with HU 5 to 10 seconds, 

4. Counterstain with 5 percent aoucrus mercurechrome 20 to 30 seconds, e 

Wash, 

This method has ccnsistently given beautiful preparations readily allowing 
guantitative differentiakion of spores and vegetative cells, Clostridial forms 
* This project has been undertaken in cooperation with the Committee on Food Ke- 
search of the Quartermaster Food and Container Institute for the Armed Forces, 
The opinions or conclusions contained in this report are these of’ tne author, 
They are net to be construed as necessarily reflecting the views cr endorsement 
of the War Department, 
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retaining the green dye in the primordium have arbitrarily been considered spores, 
Forms taking the pink counterstain with no green bodies within have been counted 
as vegetative cells, The total of spores and vegctative cells counted for cach 
determination was at least. 200 cr more, These figures permitted computation of 
percentage of spores out of the total populaticn,: 


_ Total spore and vegetative cell count per ml of broth was determined in the 
Petreff-Hauser chamber, Staining was unnecessary for this purpese as the refrace 
tile spores are easily distinguished witl. the 43X lens and subdued illuminaticn, 
Duplicate or triplicate counts were ordina...y made on each of. triplicate tubes 
for cach determination, with 50 to 200 small squares counted, representing a total 
of 200 cr more cells per count. Series of five counts each cn two cultures showed 
the deviaticn from the mean to be around .12 percent, Good correlation was con- 
sistcntly obtcined between percent spores cbtained from Petroff-Hauser counts and 
the staining method above, For example, an average cf four determinations on a 
Culture by the Petreff-Hauser methcd gave 16,8 percent spores, as compared to 13.8 
percent by stained smears, The staining methcd is supericr when the percentage 
of speres is lew, and it was routinely used to check results obtained by the Petroff- 
Hauser counts where the spcre percentage was 10 cr less, It should be emphasized 
that zero speres in the tables simply means too few tc detect by staining, i.c,, 
less than 0,5 percent, 


Effect of varicus envircnmental factors on sporulation _ 
Concentrati-n of Medium and Medium Comp¢cnents 


Conflicting reports exist in the literature dealing with the ef ect cf con- 
centrated media versus dilute media on rate and relative amount of sporulaticn 
with organisms in the genus Bagillus, The more recent studies seem to indicate 
that percentage of spores is increased in more dilute media, This particular 
factor appears net to have been studies in C, botulinum. 


Concentraticns cf brain heart infusion broth (Difec) from 1/4 to 5 times 
the normal strength have been tested, cach with the usual BBL supplement added. 
4 striking inhibiticn of sporulation ceccurred in concentrations above that ner= 
mally used; (Table 1), This applied uct cnly to total number cf spores but 
percentage cf speres, This depression cf sporulation cecurred despitc the fact 
that in the 2X and 4X medivm strengths the total cell counts were not strikingly 
different from the count in the normal (1X) mecium. The percentego of spores 
was nct changed eppreciably in the X/2 and X/4 media thceugh the total counts were 
reduced, 


The ingredients of the medium were tested individually by addition to regular 
strength broth se that the final concentration of the compenent was 5X that in 
normal bretna,; Four percent "Bacto" peptone was also tested since it has been re~ 
ported that Bacto-peptene, but net protecse-peptcne, contains a factor inhibitinz 
sporulation in B, subtilis (Roberts and Balwin, 1942). Uf all the individual 
substances tested (Table 1) NaCl was the only one which specifically diminished. 
spore formaticn, without any significant effect on the vegetative population, 
Uther experiments have sh-wn, in fact, that 2 percent added NaCl generally gives 
less than 0.5 percent speres, The feilure of 1 percent added NagHP0, to depress 
percent spores (thcugh it did decrease total spcres somewhat) is not. surprising 
in view cf Leifson's (1931) finding that the ph-sphate ion stimulates sporulaticn 
in G. botulinun, 
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It is tempting tc pestulate the presence of a factor in the untested "infu- 
sion" portion cf the brain heart medium which was respensible for the absence of 
detectable spores in the two most concentrated media, The slowness with which 
turbidity developed indicates toxicity of some sort, While visible growth oc- 
curred overnight in the contrel medium plus 2 percent NaCl, it developed only af- 
ter 2 days with quadruple, and 3 days with quintuple, strength medium, The ox- 
istence cf a spcrulation-inhibiting factor is rendered plausble by the reduction 
of about 70 percent in beth total and percentage spcres in deuble strongth medium, 
ven more drastic reducticn (cver 90 percent) has been observed in double strength 
medium, while other experiments have repcatedly shown added 0,5 percent NaCl to 
effect a reducticn in total speres of only 25 to 30 percent, with still less of- 
fect on spore pernesirbage. 


The failure «f 0.8 percent added glucose to affect sporulation signif icantly 
May Seem surprising, particularly since the final pH was reduced to 6.4, Rele- 
vant is the observaticn by Matzuchita (1902) that 5 tc 10 pcreent glucose was op- 
timum for spere formaticn in this species, 


Salts 


It has been reperted that proper e-ncentrations of incrgenic salts selec- 
tively inhibit sporulation in C, botulinum (Leifson, 1931). Chloride and nitrate 
icns woie effective in inhibiticn, while ammonium and phcspheate, and te some ex- 
tent sulfate, icns stimulatec spore formation, In extonsive physiclogical studies 
On sporulation in certain Bacillus fcrms, Schreiber (1896) concluded thet salts 
such as KNU,, MgSU,, NaCl, snd K5HPU, in concentraticns which inhibit gr wth also 

3 4 
delay the development of spores, 


The effect cf varying concentratixns of NaCl, KCl, and NeS0, added te brain 
heart infusion are given in Table 2. Values for log of total spores v. log mclar 
concentraticn plottec in Figure 2 scem to give a straight line in cach case, con- 
sidering the estimeted 2]2 percent accuracy cf the spore counting method used, 
Such wevld be expected if the relr-tionship between concentretion cf these salts 
and the resulting absclute number of spores is an expenential cone. Thus in the 
equation 


c'.s = K (1) 
if C = molar (or ionic) concentraticn | 
n = diluticn ccefficient - 4 constant, for the parti- 
S = no, speres/ce CUsRE AGLY. REE, 
and K = a constant ¢: thc particular s11t used, 
Then 
n log C + Icg S = Icg K = K! (2) 


It cbvicusly fol.ows thet log C v, log S shculd give a straight line, Simi- 
lar curves were cbtained by plotting log C v. log percent spores, 


It will be observed. thet although lower molar ecncentretions cf NagSby, are 
more tcxic tc sporulation then NaCl or KCl, higher coneentreticns are less effec 
tive, This is a perfect illustreticn of Fulmer's (1925) contention that, in gen- 
eral, the relative actgon cf two facters «n a bacterial species cannct be deter- 
mined from a study of/single equimolecular concentraticn, since their curves of 
concentraticn v. effect may cress, as in Figure l, 
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pH 


The optimum pH fer spore formation in C. botulinum was found by Leifson(1931) 
to be 6,2 tc 6.3, with beth grewth and spcrulaticn ceasing at abcut pH 6,0, It 
has been suggested that fermentable carbohydrate inhibits sporulation mainly by 
increasing acid preducticn (Leifson, 1931), This wuld be true particularly in a 
peorly buffered mcediun, 


Sporulaticn in brain heart infusicn broth with initial pH values of 6,0 to 
10,0 is given in Table 3, Thceugh spore formation practically ceased at pH 6,0, 
in agrecment with Leifsen's (1931) findings, the 70 spcres/ece found by plating 
may well represent a significant number from the standpoint of practical food 
bact.riclogy, The point of minimum spcre counts was the mest faverable for maxi- 
mum vegetative cell numbers, Vegetative development has been fairly gocd at pH 
velues as low as 5./f, 


Surface Tensicn 


Theugh Larson, et al (1925) observed a marked depression cf spcrulation in 
B. subtizis at surface tensicn values of less than 45 dynes/em, this effect may 
well have been due to a diminution of oxygen supply, since the usual pellicle was 
net formed, Te cur knowledge n> previous studies have been made on the effect of 
surface tension on spere fermaticn in snaerobic bactcria, It is recognized that 
changes in film pressurc at the medium/air interface represented by surface ten- 
sicn, may not necessarily parailel variaticns in interfacial tension at cell men 
brane/medium, but even approximations of the latter require rether intricate 
apperatus (Davis,1927). 


Measurements of surface tension were mede with a Du Nouy tensicmeter cn stan- 
dard size surfaces at equilibrium, The fundamental equaticn for determining sur- 
face tension by this methcd has been represented (Harkins and Jordan, 1930) as 

= FP 
4iR 


where O = surface tensicn in dynes/em 

meen dianéter of piatinun ring 

pull in dynes (determined from scale re dings «n a 
calibrated instrument) 

ecrrecticn factcr 


y wa 
tou 


The values of F were obtained from tebles (Harkins and Jordan, 1930), Though 
no claim is made for absclute accuracy cf ¥ values listed in Table 4, the values 
of F calculated frem measurements of P and R and the known values of o for ben- 
zene and Hav checke. the litcrature values within 71,4 percent. 


With sodium lauryl sulfcncte as the surface tensicn depressant, spcre fcorme- 
ticn was not affected at & values abcve 35 dynes/em (Table 4), but appeared to 
decrease logarithmically et surface tensi-ns bclew this value, as seen in Figure 2, 


The nature of the depressant appears mere impcertmt, hewever, than the actual 
surface tensicn, Thus, enQ value -f 36 dynes/cm obtained by means cf scdiun 
lauryl sulfenate or scdium ricinolcate gave no significant depression of sporula- 
tion, while values of 30,6 and 37 dynes/om preduced by szephiran chlcride and 
YHyemine", respectively, completely inhibited growth, Nature of the surface 
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active agents in relaticn to the inhibition of badtcrial growth they cause has 
been described by several authcrs, (Gibbs, et al, 1926; Frobischer, 1927; 
Pizarrc, 1927; Day and Gibbs, 1928). , 


Tomperature 


Reperts on the cptimum temperature fer spcrulaticn cf C. botulinum show 
wide divergence, While spore fermaticn was nct cbserved above 22 C by Reemer 
(1900), and was clained virtually absent ab-ve 35 C by Van Ermengem (1897), cther 
werkers have fcund the optimum tc be 37 C (Lendman, 1904; Orr, 1922). 


Though cur studies have not been extcnsive, we have cbserved nc appreciable 
difference tnspore formaticn at 30 and 37 C. Hewever, at 24 C sperulaticn was 
depressed as much as 50 percent, 


Visible Light 
Ne effect was observed cn spore fermaticn by this factor, 


Oxygen Tensicn 


It has becn reported that breth cultures of ¢. betulinun exp’sed tc the air 
spcrulate faster than thse sealed with vaseline (Semzcr, 1930). Traces -f oxy- 
gen have alse been frund beneficial tc sp-re feormeticn in cther anacrebes (Migula, 
1897; Metzuchita, 1902). With B. tetani and the bacillus of symptcmatic anthrax, 
sporulation was wholly lacking in thc ecmplete ecbsence ~f «xygen. (Zinsser, 1906). 


In linited studies at 13 deys' incub-ticn, we heve been unable tc dctect dif- 
ferences in spcrc percentages between atucspheres °f crdinary air and natural gos. 


Discussicn : 


Behring (1889a and 1889b) preposed the general thesis that spcruleticn is an 
internediate stage in ncrmal development and may be partially or completely sup- 
pressed by proper concentrations cf growth-inhibiting substances, which exert a 
partial physiclegical demage t- the cell shrt -f total preventicn of growth, 
Though Behring has nct received proper crecit, a tremendous amount of litcrature 
has sh wm the e*rrectness -f his general concept with such diverse agents as un- 
favcrable temperature (Pasteur, ct al, 1881; Phisalix, 1892; Migula, 1897; Matzu- 
chita, 1902; Benzcrt, 1903-1904; Deranyi, 1930); ecncentration cf nutrients 
(Matzuchita, 1902); pH (Behring, 1889a: Daranyi, 1930); pressure (Metzuchita, 1902); 
disinfectants (Behring, 18892 and 1889b; Icux, 1890); gr-wth preducts cf other 
organisms (Bonger, 1903-1904; Mollcn, 1927); end >xygen t.nsicn (Leifscn, 1931). 
uur wn investigaticns are in e mplete acecrd with Behring's hypcthesis. 
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Table 1 


Lffect of Concentration of Difco Brain Heart Infusion and its Components 
(BBL thicglycolate supplement present trhoughout.) 


Een SLs) ee: {ne ee a ee 
Brain heart .dded com- Final Spewes Vegetative ~<. %# Spores 


_infusion ponent, 4X pe Le UO Colle x Tape eI 
5X 74 0 7 7 0 
4X 7on 0 37 37 0 
2x 7,0 8 62 70 ral 
X (Control) 6,8 28 48 76 37 
x/2 | 7.6 al 25 46 46 
X/4 12 9 13 22 Al 
X Nes. (2%.) 7.0 205 9569 58 4 
¥ Naru, (1é) TA 16 25,5 41.5 39 
Xx Glucose (0.8%) 6.4 26 40 66 ie 
X Difco Protecose 6,8 82 95 177 46 
poptone (4%) 
X Difco Bacto 7.6 66 156 222 30 


peptone (4%) _ 


X = normal or usual strength 
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Table 2 


Effect of added salts on sporulation in brain heart infusion broth, 


Incubation, 11 days at 37. C res 
Percent con- Molar con- 


Spores Vegetative 


Total Percent 


Salt____centration _ centration x 10-6 cells x yor x 107° Spores 
siti ae --— 44 46 90 49 
NaCl 0.5% 086 29.5 39.5 69 43 
8 1,0 oL71 2 51 53. 4 
” 1.5 «256 0.5 44.5 45 1 
. 2.0 0342 (0.2 45 45 Negligible 
» 2.5 - 5.0 0428 - .855 Good growth in 24 hours, No spores seen, 
KCl 0.5 .067 21 36 57 37 
" 1.0 0134 1S 34.5 36 4 
. 1.5 «201 0.6 31 32 2 
. 2.0 «268 0.3 21 21 1.5 
. y 336 <0.1 al 21 Negligible 
S a 5 »403--.671 Good growth overnight. No spores seen, 
NagSv, 0,5 ~035 6,5 23.5 30 22 
8 1.0 O71 4.0 22 26 15 
° 1.5 . 106 4.0 22 26 15 
" 2.0 141 3,0 24, 27 11 
" 20 .176 245 27 29.5 9 
" 3.0 gees: 1.8 24 26 7 
" 3.5 » 24,6 0,8 22 23 3 
. 4,0 6282 1.4 12.5 14 10 
h Ae ,316 «04 7.0 7 Negligible 
t 5.0 mje Growth delayed and scanty - - = = 
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Table 3 


Effect of pH on Sporulation 


ret pee Vepeeie |g. Setcig % 
ais Bo eo ere 2 ae ‘ere | Bpores 
6,0 «00007 540 540 ~—~—«0,00001* 
6.5 305 180 184 2 
7.0 57 67 124 46 
7.5 57 66 123 46 
*,0 61 47 108 56 
845 26 22 48 54 
9.0 20 14 34 59 
9.5 20.5 21.5 42 49 
10,0 6 29 35 17 


* Though no spores were detectable by microscropic 
examination, plating in Yesair's medium showed 70 
spores/cc, 
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Table 4 


Effect of Surface Tension on Sporulation 


Concentration sodium , dynes/on Sporep Vegetative Total =——~«S 
a x a. ee Sore nna 

None 453 34 27 61 56 

Me 38.6 33 Al 74 45 

2 36.7 32 39 71 45 

3 34.7 36 50 86 42 

#4 345 16 50 66 24 

"§ 33.8 4 Ve 75 9 

#6 3342 0.3 33 33 1 


* Two of three replicates grew. 


+ One of three replicates grew. 
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FIG, 2, EFFECT UF SURF.CE TENSIUN UF SPORUL..TIUN 
DEFRESSANT USED: SUDIUM L.URYL SULFUNATE, 
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